An experimental study was performed to evaluate the bond strength between two concrete layers of different ages, considering different mixtures of added concrete, with different strengths. The specimens first had the roughness of the substrate surface increased by sand blasting. Later, the new concrete was added. Afterwards, slant shear tests were performed to quantify the bond strength in shear. These tests indicated that increasing the compressive strength of the added concrete relative to the compressive strength of the substrate concrete improves the bond strength and changes the rupture mode from adhesive to monolithic. A finite element analysis showed that, increasing the difference between the compressive strengths of the added concrete and the substrate concrete, higher values of normal stress are present in the interface, for the same level of shear stress. The study presented in this paper reveals that the added concrete, normally with higher compressive strength than the substrate concrete, may possibly have an influence on concrete-to-concrete bond strength. Therefore, design of shear at the interface between concrete cast at different ages, according to Eurocode 2, could be improved, since here only the lowest strength concrete is considered. r
Introduction
Most repairing and strengthening techniques of RC structures include adding new concrete to an existing concrete substrate. The common practice consists of first increasing the roughness of the substrate surface [1] . In some cases, applying a bonding agent and/or applying steel connectors is also adopted before casting the new concrete. Relative to the latter, different materials and methods are considered in several published experimental studies [2] .
Talbot et al. [3] studied the bonding durability of thin concrete repairs. The authors mention that an ordinary concrete was used on the substrate and different shotcrete mixes were used as repairing layer. Silfwerbrand [4] published a study on concrete bond in repaired bridge decks. The author indicates the constituents of the concrete used for the base layer but only refers to the added concrete as the ''overlay''. Hindo [5] presented a study on in-place bond testing of concrete repairs. Different bonding agents are referred to in this study: epoxy, polymer-modified cement slurry, latex/cement slurry and cement slurry. However, no information is given about concrete substrates and repairing materials. Ju´lio et al. [6] studied the influence of an epoxy-based bonding agent on a roughened substrate surface. The same design mixture was used for the added concrete and for the concrete substrate. Abu-Tair et al. [7] tested the bond between repair materials and concrete substrates. The properties of the substrate concrete and of the three repair materials: a lightweight epoxy render, a cementitious modified acrylic mortar and a laboratory-mixed concrete. Cleland and Long [8] performed pull-off tests to assess the adhesion of patch repairs. Five different repair materials were used but details about these are not provided. Saucier and Pigeon [9] studied the durability of new-to-old concrete bonding. The authors mention that only one type of concrete was used to cast both layers of the composite specimens and indicate the constituents.
Concrete jacketing is one of the most commonly used strengthening techniques of structural elements [10] . The adhesion of the added concrete to the original column is important to ensure the monolithic behaviour of the composite element. Rodriguez and Park [11] performed tests with columns strengthened by RC jacketing. The authors mention that a normal weight concrete was used on the jacket. Hayashi et al. [12] indicate that the strengthening mortar was cast under pressure into the mould. Bett et al. [13] used a shotcrete jacket to strengthen RC columns. Gomes and Appleton [14] executed the jacket with a cementitious non-shrinkable repairing mortar. Ramirez et al. [15] applied a polymeric concrete jacket. Ju´lio et al. [16, 17] used a commercial self-compacting highperformance grout. Other authors refer to the added concrete simply as ''the new concrete'' specifying neither its mixture design nor its casting method [18] .
According to Eurocode 2 [19] , the design shear resistance at the interface between concrete cast at different ages, is given by
where c and m are factors dependent on the roughness of the substrate surface; f ctd is the design tensile strength of the concrete with the lowest strength; s n is the stress per unit area caused by the minimum external normal force across the interface that can act simultaneously with the shear force; r is the ratio between the area of reinforcement crossing the interface and the area of the joint; and a is the angle of the reinforcement crossing the interface to the latter. Given that only the lowest strength concrete is considered in Eq. (1), the influence of the added concrete on the bond strength is not assumed. Since, in the published studies referred to, different concrete mixtures and casting methods were used, for both the substrate and the repairing/strengthening layer, the influence of the latter on the bond strength is not possible to assess. Therefore, this was defined has the major objective of the experimental research described in this paper.
Experimental investigation
Three concrete mixtures were designed, M30, M50 and M100, with previewed mean values of compressive strength of 30, 50 and 100 MPa, respectively. These values correspond to standard tests of cubic specimens, stored during 28 days in conventional conditions of temperature and relative humidity, respectively, 20 1C and 100% RH.
Three situations were considered: 30/30, 30/50 and 30/ 100, being the first value, the designation of the concrete mixture adopted for the substrate and, the second value, the designation of the mixture adopted for the added concrete.
The slant shear test was selected to quantify the bond strength in shear, because it had been used with excellent results in previous studies by the authors on concrete-toconcrete bond strength [6, 16, 20] . The adopted geometry for the specimens was a 20 Â 20 Â 40 cm 3 prism with the interface line at approximately 301 to the vertical. The specimens were tested under compression using the standard procedure for the testing of cubes or cylinders for compressive strength.
For each considered situation, 5 slant shear specimens were built as well as 6 standard specimens to characterize the compressive strength of the concrete substrate and of the added concrete (3 cubes for each).
The treatment of the substrate surface was adopted based on previous slant shear tests performed by the authors, considering different methods for preparing the substrate surface [20] . Since sand-blasting was the preparation method that presented the best results, it was adopted for all specimens used in the experimental study herein described.
Also, based on results of other tests performed by the authors [16] , the original concrete age and the added concrete age were set at 112 and 28 days, respectively, at the time of the test, to ensure the existence of differential shrinkage.
Concrete mixture design method
The different concrete mixtures used in this study were designed based on the absolute volume expression [21] :
where c is the absolute volume of cement, s is the absolute volume of the adopted addition, P ag is the sum of the absolute volume of aggregates, w is the water volume of the mixture, ad is the volume of the admixture used and vv is the void volume, for unit of apparent volume of concrete.
The class and type of cement was defined according to the wanted compressive strength. Portland cements type II 32.5, type I 32.5 and type I 52.5 were adopted for M30, M50 and M100 mixtures, respectively. Only one addition of silica fume was adopted, for M100 mixture, considering that its efficiency varies between 10% and 20% [22] [23] [24] .
Aggregates have also been selected in function of the compressive strength defined for each concrete due to their influence [25] [26] [27] . In M30 and M50 mixtures limestone crushed aggregates were used and in M100 mixture, granitic crushed aggregates were adopted. In all mixtures natural siliceous sand was used.
Different admixtures were introduced to change the rheology of fresh concrete. Since concrete compressive strength and workability vary in opposite ways, the objective of using these products was to achieve the wanted compressive strength with adequate values of the other parameter. Furthermore, when a silica fume addition is used, a super-plasticizer is needed [28, 29] .
The cement or binder dosage was assessed using the Feret expression:
where f c; j is the compressive strength of concrete with j days of age, g is the compactness of the fresh binder paste and k 1; j is a coefficient associated to the latter that can be determined in function of cement characteristics and efficiency of chosen addition percentage. The design of the mixture that gives concrete the previewed compactness, for the imposed casting conditions, was performed by the Faury method, adjusting the mixture curve with a reference granulometric curve.
Relative to the void volume, the values of ACI 613 [30] were adopted, defined in function of maximum dimension of the aggregates set used [21] . The water of the mixture was determined with the expression [21] 
where I is the void index given by Faury expression. The last step was the execution of an experimental mixture to verify if the defined characteristics were fulfilled. Several characteristics of the fresh concrete were considered. In some cases the calculated compactness did not correspond to the real value and adjustments had to be made. When results were satisfactory, tests on hardened concrete were conducted to evaluate the compressive strength at different ages. Again, in some cases, corrections had to be implemented. The constituents of the adopted mixtures, M30, M50 and M100, are given in Table 1 .
Results and discussion
In Table 2 are expressed the mean values of the compressive strength of the substrate concrete, the compressive strength of the added concrete, the bond strength in shear of the interface of slant shear specimens, respecting the three situations considered, and the corresponding standard deviation and variation coefficient.
All 30/30 specimens showed an adhesive rupture mode (Fig. 1) . A different result was observed with all 30/50 specimens and all 30/100 specimens, which exhibited a monolithic rupture mode (Fig. 2) . For this reason, values presented for these last situations must be considered as a lower estimate of the bond strength in shear of their interfaces.
To understand the reasons for this change in the rupture mode, a numerical analysis was performed, using the finite element method, in order to obtain the stress distribution at the interface. A mesh of 2048 plane stress, 8 nodes, isoparametric elements was used (Fig. 3) . This mesh was selected from a set of meshes of increasing number of elements, since the corresponding results did not differ from those obtained with a more refined mesh. To accurately simulate the effect of the testing machine, a vertical displacement was imposed to the base of the slant shear specimens, corresponding to the average rupture load of each considered situation. Displacements were restrained at both ends. For this evaluation, linear elastic material behaviour was assumed and the modulus of elasticity was determined from the compressive strength, according to Eurocode 2 [19] . The finite element analysis revealed an approximately uniform distribution of shear stresses in the interface for situation 30/30 (Fig. 4) . For situation 30/50, a minor increase of the shear stress was observed from the top end to the bottom end of the interface (Fig. 4) . This tendency was most significant for situation 30/100, presenting a stress peak (eventually from the numerical simulation) at the bottom end of the interface (Fig. 4) . This could not justify the change in the rupture mode observed.
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The numerical analysis also showed a distribution of compression normal stresses in the interface qualitatively similar to the corresponding distribution of shear stresses, for all considered situations (Fig. 5) , but clearly increasing with the strength of the added concrete. Plotting normal stresses versus shear stresses in the interface (Fig. 6) , and considering linear trend lines, it becomes clear that, for a given level of shear stress in the interface, the corresponding normal stress presents increasing values for situations 30/30, 30/50 and 30/ 100, respectively, increasing the friction in the surface. This can explain the different rupture modes observed and previously referred to.
Relative to the design expression of Eurocode 2, it is seen that it may be conservative as the shear resistance is affected by the difference between the substrate concrete and the added concrete, increasing with the increasing strength of the latter.
Conclusions and future research
In slant shear tests it has been noticed an increment of bond strength in shear with the increase of compressive strength of added concrete. Furthermore, the rupture mode changed from adhesive, in 30/30 specimens, to monolithic, in 30/50 and 30/100 specimens. A finite element analysis substantiated these results, showing that, increasing the difference between the compressive strengths of the concrete layers of the slant shear specimens, higher values of normal stress are present in the interface, for the same level of shear stress. Therefore, it was concluded that the added concrete compressive strength may have influence on concrete-to-concrete bond strength.
Following this conclusion, high-performance concrete shows advantages to carry out repairing and strengthening techniques involving adding new concrete to an existing concrete substrate.
In addition, design of shear at the interface between concrete cast at different times, according to Eurocode 2, could be improved, since only the lowest strength concrete is considered.
Finally, results of slant shear tests must be carefully analysed, since substrate and added materials with different elasticity moduli change the stress distribution in the interface. This conclusion is also in agreement with the analysis performed by Austin et al. [31] . Moreover, according to this study, it is possible to select an angle that maximizes the likelihood of obtaining a bond failure. Therefore, in future research work, slant shear tests with different bond angles will be performed with the objective of obtaining adhesive ruptures for the same situations considered in the study described in this paper. Furthermore, tests on slabs strengthened with a new concrete layer will also be conducted, considering the same situations of increasing compressive strength of the new concrete layer, to compare the effect of modulus mismatch between slant shear tests and a real strengthening situation.
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